Thin films of alumina, chromia, mullite, yttria and zirconia have been synthesized using a plasma-based method called metal plasma immersion ion implantation and deposition (Mepiiid) -a highly versatile plasma deposition technique with ion energy control. Monolithic films (a single ceramic component) and multilayer films (individual layers of different ceramic materials) were fonned. The films were characterized for their composition and structure in a number of different .ways, and the high temperature performance of the films was explored, particularly for their ability to maintain their integrity and adhesion when subjected to repetitive high temperature thermal cycling up 1100 °C. We found that the films retain their adhesion and quality without any apparent degradation with time, even after a large number of cycles; (the tests were extended out to a total of 40 cycles each of 24 hours duration). After repetitive high temperature thermal cycling, the film-substrate adhesion was greater than -70 Mpa, the instrumental limit of measurement, and the interface toughness was approximately 0.8 MPa m 112 •
INTRODUCTION
Thin films can be formed by a wide variety of plasma methods [1] . We have developed a plasma-based thin film deposition technique with the important feature that the energy of the depositing ion flux can be controlled over a wide range. Highly adherent, fully-dense films of metals, alloys (including non-equilibrium alloys) and other conducting materials, and their oxides and nitrides, can be formed. In the early stages of the process the ion energy is held in the ke V range so as to produce atomic mixing at the film-substrate interface, and in the latter stages of deposition the energy is reduced so as to optimize the film structure and morphology.
The technique draws upon previously existing technology to form a new plasma-based film synthesis approach that is a hybrid of several more commonly know methods, including filtered cathodic arc deposition [2] [3] [4] , ion beam assisted deposition (IBAD) [5] [6] [7] [8] , ion beam mixing [5-7 ,9] , and plasma immersion ion implantation (piii) [10, 11] . In our method, which we've dubbed Mepiiid (Metal plasma immersion ion implantation and deposition), the object to be implanted is immersed in a metal plasma of the desired species and repetitively pulse-biased to an appropriately selected negative voltage [12] [13] [14] [15] [16] . A high voltage sheath rapidly forms at the substrate-plasma boundary, and plasma ions are accelerated through the sheath and into the substrate, thereby accomplishing implantation into the substrate of plasma ions at an energy determined by the bias voltage. Because of the surface retention of condensed metal plasma, the process in a metal plasma is quite different from in a gaseous plasma. Ions that are deposited during the pulse-off part of the cycle are deposited on the surface as a sub-monolayer film, and ions that are accelerated from the plasma and bombarded into the substrate during the high voltage bias part of the cycle are energetically implanted; energetic ion collisions with previously-deposited neutral metal atoms also produce recoil implantation. By varying the proportions of the direct and recoil implantation (ie, the duty cycle of the pulse biasing) one can tailor the shape of the implantation depth profile, and the range can be tailored by the amplitude of the applied pulse voltage. The whole operation can be time-varied throughout the processing duration, starting for example with a high energy phase so as to create a deep buried layer of the implanted species (an ion mixing phase) and slowly changing to a low energy phase whereby the surface film is built up by plasma deposition (an ion. beam assisted deposition phase). By controlling the plasma ion energy we thus acquire control over two very important features of the deposition process -the interface width can be tailored, and the film morphology and structure can be controlled. In this way one can synthesize a surface film of precisely controllable thickness having a well-determined and controllable atomically mixed interface with the substrate, and the parameters of the film and the interface can be tailored over a wide range. For purely metallic films, the process is carried out at a vacuum in the 1 o-In our plasma materials synthesis research program we have shown that highly adherent, high quality films of many different kinds of materials can be formed in this way, including films of metals [17] [18] [19] , metal oxides [20] [21] and oxide ceramics [22] [23] [24] [25] , optoelectronic materials [26] , high-Tc superconductors [27, 28] , diamond-like carbon [29] [30] [31] , and multilayer structures with complex structure [32] [33] [34] . Concise reviews have been presented of the method and applications [35, 36] . We point out that our film synthesis technique -Mepiiid -is a research tool that we have developed in our laboratory; it is not a commercialized technology, nor has its application yet been significantly taken up at other laboratories.
Here we report on our experimental investigations of the application of these methods for the formation of high temperature ceramic films. We have formed films of alumina, chromia, mullite (3Ah0J.2Si02), zirconia and yttria. Film structures investigated were monolithic (a single ceramic composition throughout the film), multilayer (layers of different ceramic materials together forming a composite film), graded (the interfaces between different regions of the film being atomically mixed for an extended range), and doped (small amounts of a dopant species added to the main film material). For the most part, the substrate material used was silicon carbide. The films were characterized in a number of ways including for composition and structure, and for adhesion to the substrate especially subsequent to repeated high temperature thermal cycling. (The films were not tested for their performance in the presence of alkali metal salts). In the following we firstly summarize the plasma synthesis technique as applied for the present purpose, and then present the characterization and performance results obtained for the different kinds of films.
OUTLINE OF THE PLASMA SYNTHESIS TECHNIQUE
The basic synthesis approach involves "immersion" of the substrate in the dense metal plasma formed by one or more vacuum arc plasma guns while controlling the energy of the depositing ions by the application of a high-frequency, repetitively-pulsed bias voltage to the substrate during the plasma deposition. Oxygen is added to the processing chamber at a suitably low pressure and is incorporated into the growing film primarily by surface oxidation and subsequent recoil implantation. Ion energy is controlled as a function of time, and the film-substrate interface can be tailored and the film structure optimized by the ion beam assist that is inherent to the process.
The vacuum arc is a high current discharge between two electrodes in vacuum in which highly ionized metal plasma is produced in abundance [2,37 -39] . We have made several different embodiments of vacuum arc plasma gun [40] . For the work described here we used small, repetitively-pulsed versions typically operated at a pulse length of 5 ms and repetition rate of 1 or 2 pulses per second, and with arc current about 300 A Along with the metal plasma that is generated, a flux of macroscopic droplets (resolidified cathode debris) of size in the range 0.1 -10 microns is also produced [37 ,41 ,42] . In general it is desirable to remove the solid particulate contamination and this can be done by using a curved magnetic duct (bent solenoid of magnetic field strength a few hundred gauss) which stops line-of-sight transmission of macroparticles while allowing the transport of plasma [43] [44] [45] . The overall plasma generation system thus consists of the repetitively pulsed plasma gun in conjunction with a 90° magnetic filter.
Metal oxides can be formed by carrying out the deposition not in a high vacuum environment but in a somewhat higher pressure ambient of oxygen gas; we have found empirically that a pressure in the range 1 -100 mTorr is suitable for most purposes. In the present work the oxygen background pressure was 5 to 25 mTorr. The oxygen reacts at the freshly-deposited metallic surface (of thickness of order one to several monolayers for each 5 ms pulse of the plasma gun) to form a metal oxide, and a near-stoichiometric film can be formed.
Ion energy of the depositing plasma flux is controlled by repetitively pulse biasing the substrate. The pulse duration is -2-10 J..LS and the duty cycle -10-5 0%. Pulsing the bias is necessary (for all but the lowest bias voltages) because a high-voltage de bias would cause a discharge between the substrate and the vessel or the plasma gun; the plasma would be grossly perturbed. The solution is to switch off the bias before a discharge can occur (to limit the sheath expansion to modest distances), let the plasma recover, and then repeat the process; ie, to do the biasing in a repetitively pulsed mode. For the early stages of the deposition the pulse bias is held at a relatively high voltage of -2.2 kV. For an aluminum plasma, the mean ion energy is then 3.75 keV, because the mean ion charge state of the aluminum plasma is 1.7 and Ei = QV; for a silicon plasma the mean charge state is 1.4 and the mean ion energy is 3.1 keV; (the charge state spectra of vacuum arc produced plasmas have been discussed in detail in refs. 46, 47) . At this energy ions are implanted into the substrate to a depth of up to -100 A. The film thus grows on the substrate from a highly mixed interface. When a film thickness of a few tens of angstroms has accumulated, the bias voltage is reduced, since intermixing with the substrate is no longer a factor and the higher ion energy would sputter away the already-deposited film. Moreover, it is known from a large body of work on ion assisted deposition that a modest ion energy can be advantageous for controlling characteristics such as the density, morphology and structure of the film. For the bulk of the plasma deposition process the pulse amplitude is kept at -200 volts.
To deposit films containing several different metallic elements we combine the operation of two plasma sources, with their magnetic ducts, so that plasma streams of different elements are mixed together before reaching the substrate. Optionally, a short magnetic multipole "plasma homogenizer" structure can be used also, to better blend the two plasmas and to produce a more uniform plasma density profile; we have incorporated this feature in some of our work [48] . The deposition can be carried out synchronously or asynchronously, i.e. the plasma sources can be operated simultaneously or sequentially, so as to form, for example, monolithic films that are a homogenous mixture of the oxided plasma species, or multilayers of the two oxides, or other more complicated structures. A schematic diagram of the dual-plasma deposition apparatus is shown in Figure 1 .
EXPERIMENTAL RESULTS
Our experiments are comprised of three more-or-less independent, though closely related, areas of investigation: (i) Synthesis and characterization of alumina films formed on iron aluminide and silicon carbide substrates; we also formed chromia films, but most of the analysis and characterization was done with alumina. (ii) Mullite (3Ah03.2Si02) and mullite-like (aluminasilica films with composition ratios other than the 3:2 of mullite) films were made and fully characterized, also on silicon carbide substrate material. (iii) Yttria-zirconia films of two different kinds were formed, one with alternating layers of yttria and zirconia (multilayer films), and the second wi~ mixed yttria and zirconia (monolithic films). These three areas of investigation are described in the following.
ALUMINA
The substrates used were small coupons of either silicon carbide or iron aluminide. The polished silicon carbide coupons were 0.5'' x 0.5'' square and 0.1" thick, and the iron aluminide coupons, supplied by ORNL, were in the form of polished 1 em x 2 em coupons approximately 1 mm thick. Substrate samples were cleaned with alcohol and positioned within the vacuum chamber for the plasma deposition and ion bombardment processing. The oil-free system was cryogenically pumped down to a base pressure of about 1 x 10-6 Torr before commencing the plasma process. Oxygen gas was admitted to a pressure of 10 to 15 mTorr, and the plasma deposition processing carried out as described above. The time required for film growth was usually a few tens of minutes. Note that in this plasma processing the energy added to the sample is small and they are not heated significantly. The samples were then removed from the chamber for characterization and testing. Heating was done in air at temperatures up to 1100 o C. The samples could be inserted into and removed from the hot oven quickly, anq the sample heatup and cool-down time was just a few minutes, determined by the thermal capacity of the small coupons. The samples were maintained at full temperature for times varying between 15 minutes and 16 hours. Analysis of film composition was done with Rutherford backscattering spectrometry (RBS) with 1.8 MeV He+ ions, and X-Ray diffraction analysis was used to determine the crystallographic phase. Film adhesion was measured with a Sebastian-type pull tester using studs epoxied to the samples and pulled normal to the substrate by known weights; the epoxy failure limit was -60-70 MPa, and this thus determined the instrumental limit.
A number of different samples were prepared and studied of both alumina and chromia and on both silicon carbide and iron aluminide. Several different thicknesses of films were formed, between about 0.2 Jl and 1.5 Jl. We measured: the stoichiometry of the plasma deposited films, both pre-and post-heat treatment; the crystallographic phase of the films produced, pre-and post-heat treatment; and the adhesion of the film to the substrate, pre-and post-heat treatment, and after repetitive thermal cycling. Stoichiometry RBS analysis showed that the as-prepared samples were usually slightly oxygen-rich, with composition such as for example A1 2 0 33 for an oxygen pressure of 12 mTorr. When the oxygen pressure was too high, for example 26 mTorr as in our early work, the films were significantly oxygen rich, with an A1 2 0 5 composition. The annealed films were, not surprisingly, of good Al203 stoichiometry.
Crystallography
The as-deposited alumina was typically amorphous with a small amount of K-Al 2 0 3 . The postheating films were always mostly a-A1 2 0 3 ; see Figure 2 .
Adhesion
The film-substrate adhesion was always good for the as-prepared, pre-heat-treatment films -an adhesion strength as measured with our Sebastian-type pull tester of ~ 70 MPa, the instrumental limit -for both alumina and chromia films on both FeAl and SiC substrates. Post-heattreatment, the adhesion strength of the optimally-prepared films was also good for films of thickness ::s 0.5 fl, but films of thickness ~ 1 fl showed mixed results. Samples were repetitively thermally cycled from room temperature to 1100 OC through cycles of 15 minutes duration each; heating and cooling time was several minutes only. The film-substrate adhesion both before and after high temperature cycling was excellent, at the -70 MPa instrumental limit of the pull-tester.
More extensive adhesion measurements were made on the mullite films, as described below.
MULLITE
Films of silicon-aluminum oxide were synthesized on polished SiC substrates using the dualplasma approach described above. Control of the stoichiometry of the silicon-aluminum oxide films was achieved by varying the duration of the plasma pulses and the oxygen partial pressure during depositioQ.. The deposition rate of each individual source was determined for all oxygen partial pressures used by measuring the thickness of the deposited films after one thousand pulses of 5 ms duration each. The individual deposition rates were then used as a basis to prepare films with the desired Al:Si ratios. The films were typically of thickness in the range 0.2 -2 microns. An edge-on SEM photograph of a typical film mullite film on a silicon carbide substrate is shown in Figure 3 .
An advantage of the Mepiiid process is the high degree of atomic mixing achieved; thus here the duration of the pulses used was always below the time required for the formation of monolayers of silica or alumina, and both sources were triggered simultaneously so as to prevent stratification of alumina or silica. A previous attempt to synthesize mullite coatings by depositing alternate layers of silica and alumina by CVD and subsequent annealing failed due to brittleness resulting from the transformation of silica into crystoballite that takes place during the high temperature annealing required to homogenize the multilayer film. Here we wanted to ensure that complete mixing happened during the deposition. Table 1 shows the composition of several aluminum-silicon oxides films deposited on SiC under various experimental conditions. The content of each element in the films was determined by Rutherford Backscattering Spectroscopy (RBS) and normalized to the Si content. The accuracy of these measurements is ±15%. Elemental composition of mullite is also included in the table for comparison. X-ray diffraction X-ray diffraction indicates that the deposited films were amorphous. No evidence of crystalline structure or phase separation was observed. A feature in the films produced was the high oxygen content when deposition was carried out at 25 mTorr. An analysis of the compositions shown in Table 1 indicates that films produced at this pressure consist of mixtures of Al203+x and Si02+y with a good match being achieved for x = 2 and y = 0. AhOs is not a stable oxide for our · deposition conditions, and therefore this composition must be a consequence of oxygen ion bombardment. At lower pressures, oxygen implantation appears to decrease in importance and the films are basically mixtures of Ah03 and Si02.
Composition
Annealing of the films at 1100 °C in air for 2 hours resulted in the formation of crystalline mullite. The alumina-silica binary phase diagram indicates that the only stable phases in the silica-alumina system at the pressures used in this investigation are silica, alumina and mullite. To achieve the mullite stoichiometry, excess oxygen present in the as-deposited films had to be lost to the environment or react with the SiC substrate to form silicon oxide and/or carbon dioxide. X-ray diffraction indicates mullite as the main crystalline phase after annealing ( Figure  4) . The low intensity of the diffraction peaks is mostly due to the small fllm thickness. Another silicon-aluminum oxide known as sillimanite (Al6Si3015) can also be fitted to the peaks in the diffractogram but was discarded because the ratio of intensities of the diffraction peaks was closer to that expected from mullite. Little difference was observed in the diffraction patterns of the samples #1 through #5, indicating that after annealing at 1100 °C, in all cases the main crystalline phase formed was mullite. In the films with very low Al:Si ratio we were expecting that silicon dioxide would be present as well, and in the films with very high Al:Si ratio, peaks from crystalline alumina were expected. However, neither of these phases, silica or alumina, could be identified from the diffraction patterns of samples #1 through #5.
Transmission electron microscopy
Transmission electron microscopy (TEM) was used to characterize the microstructure of the mullite film after 15 cycles of oxidation. An edge-on bright-field image of an oxidized sample showing the typical morphology of the coated SiC after oxidation is shown in Figure 5 . The film thickness was 0.5 ~m. Figure 5 shows that the mullite film is predominantly crystalline, with grain size approximately the same as the film thickness. This was supported also by transmission electron diffraction and energy dispersive X-ray analysis (EDS) with a microprobe. Between the crystalline mullite and the SiC, there is a layer of amorphous Si0 2 (again EDS was used to assess the chemical composition of the layer). Some voids are noticed in the SiC near the Si0 2 layer. The presence of these voids can be explained in terms of the oxidation reaction
Evolution of C0 2 or CO and consumption of Si into the Si0 2 layer could result in voids.
Adhesion
Adhesion test results for the as-deposited and the annealed films are shown in Table 2 . We found that the adhesion strength of the as-deposited films was generally in the range 10 -40 MPa, and the post-annealing adhesion strength was equal to or greater than the instrumental limit of -60-70 Mpa, i.e. when subjected to a normal pull-test the annealed samples failed at the epoxy and not at the film-substrate interface. 
240
When the aluminum content of the coating was high (samples #2, #4 and #5) both the asdeposited and the annealed films had a high density of microstructural features that looked like voids or micro-bubbles, as mentioned above. The mechanism of formation of these bubbles is riot clear to us, but their concentration seems to be directly related to the deviation of the Al content from the ideal mullite stoichiometric ratio (i.e. the higher the AI content, the higher the density of voids). Upon annealing, very few voids appear to have broken through the coating, but in places where the film delaminates due to the pull-test, voids were exposed. Subsurface voids were seen to form in the silicon carbide when subjected to high temperature oxidation.
It i~ clear from the results that annealing of the deposited aluminum-silicon oxides helps greatly to improve the adhesion of the film
Thermal cycling characteristics
We have investigated the adhesion of the mullite films to silicon carbide when subjected to repeated thermal cycling. Each cycle consisted of heating the samples to 1100 oc at a rate of 9 °C/min, maintaining the substrate at 1100 oc for 18 h in air, and cooling it down at a rate of approximately 4 °C/min. For the first 5 cycles adhesion was measured after each heat cycle, and after that every 5 or 10 cycles out to a maximum of 40 cycles.
The film-substrate adhesion after thermal cycling was measured using our Sebastian pull tester. However the stress required to debond the mullite film from the SiC substrate often exceeded the maximum strength of the epoxy used; this is the limit of measurement of this technique, about 60-70 MPa. Therefore these measurements can provide only a lower limit for the adhesion strength. This prompted us to use an additional method for characterizing the strength of the bonding between film and substrate.
The method used to measure the interface toughness is based on the indentation method developed by Evans and co-workers [49] [50] [51] . This technique involves making microindentations in the surface of the oxide film. The indentation creates a plastically deformed zone immediately beneath the surface. Residual stresses developed in the plastic zone provide the driving force for lateral and radial crack growth [52] . If the interface toughness is lower than the toughness of both the film and the substrate, lateral cracks will develop and propagate along the interface, as indicated in Figure 6 . Evans and co-workers have developed fracture mechanics solutions that allow interfacial fracture energies to be calculated from the size of these cracks. In order for the model to be realistic, the depth of the indent should be less than the film thickness.
Due to the small thickness of the mullite films produced here, the indents did perforate through the film, and therefore our estimates of the interface strength should not be taken too quantitatively. One can make arguments that would imply that perforation of the layer would lead either to an underestimate or to an overestimate of the toughness. Figure 7 is an optical micrograph of an indentation mark, with the lateral crack visible. According to the model presented in Figure 6 , this determines the end of the delaminated region. We used a load of 1 kg with a Vickers indenter. In spite of these limitations, the test can still be used comparatively, to show trends. The results of both kinds of tests are shown in Table 3 for the thermal cycling tested. The result of the indentation tests in this Table are shown in terms of the radius of the debonded region observed. A value of zero indicates that no crack was observed upon application of the load. Appearance of lateral cracks after cycling the temperature 15 times suggests some weakening of the interface, though still below the detection limit of the Sebastian pull-test.
To illustrate the order of magnitude of the interface strengths determined by the indentation method, we carried out an analysis according to ref. 49 using the model for lateral crack expansion. The following parameters were used for this calculation: crack radius 30 Jllll, contact load 1000 g, film thickness 0.2 J..Lm, film hardness 30 GPa. The calculated interfacial fracture resistance was then K 1 c,interface = 0.8 MPa m 1 f1. Despite the uncertainties in this value, it compares highly favorably with the fracture toughness for SiC (K 1 cs;c = 4.6 MPa m 112 ) and mullite [53] (Krcmullite= 2 MPa ml/2). Table 3 Film-substrate adhesion strength as determined by a Sebastian-type pull-test, and lateral crack size as determined by a microindentation test, as a function of number of 24-hour thermal cycles between room temperature and 1100 OC The reason for our exploration of yttria-zirconia films is because of their potential use as protective coatings and thermal barriers at elevated temperatures. In the present study, we prepared two types of films of yttrium and zirconium oxides. Both were deposited on (1 00) silicon substrates at room temperature. We used silicon wafers as substrate material in order to simplify and enhance the compositional analysis with RBS by virtue of the atomically smooth silicon surface, it having already been well demonstrated that excellent adhesion of our films to SiC can be obtained. One set of films consisted of alternating layers of zirconia and yttria in the sequence Zr0 2 -Y 2 0 3 -Zr0 2 -Y 2 0 3 -Zr0 2 -Si; these multilayer samples were called YZO#Ol and YZ0#02 (see Table 4 below). A monolithic film was also formed and analyzed; this was called YZ0#03. The approximate thicknesses of the individual layers in the multilayer structure and of the monolithic film are shown in the Table. Table4. Structure of some multilayer and monolithic yttria-zirconia films. A noticeable change in structure of these YZO films occurs when they are heat-treated in air at 900 °C for 45 min. X -ray diffraction patterns of the treated films obtained at a glancing angle of i are shown in Figure 9 . The formation of crystalline Zr0 2 in the YZO#Ol multilayer sample is evident from the diffraction pattern. A limited number of weak reflections that can be related to Y 2 0 3 were also identified. The diffraction pattern of sample YZ0#02 after similar treatment allows the Y 2 0 3 peaks to be better resolved, as expected because of the higher volume fraction of Y 2 0 3 layers. Sample YZ0#03 (monolithic) shows reflections that can be attributed to zirconium-yttrium oxide (Zr 3 Y 4 0 12 ). The proximity of d-spacings and the width of the peaks leave some uncertainty as to the exact phases present in the film.
Multilayer
When these samples are heat treated at 1100 °Cin air for 5 hours, it becomes obvious that they cannot effectively prevent oxygen diffusion toward the substrate. This is best seen from the RBS data of the samples in the as-deposited condition and after each of the heat treatments. Figure 10 shows the composition depth profiles. Because of the proximity of the atomic masses of Y and Zr it is difficult to differentiate between the two elements in RBS, and therefore the curves in Figure 10 show the total metal concentration without attempting to discriminate between Y and Zr. The Si profile is also plotted, to show its oxidation at the highest temperature. Figure 10(a) and 10(b) show the spectra for the multilayers YZ0#01 and YZ0#02, respectively. Figure lO(c) shows the spectrum of the monolithic YZ0#03 film. All three spectra indicate that after the initial heat treatment there is a decrease in film thickness accompanied by loss of oxygen. The decrease in the width of theY -Zr signal, and a corresponding increase in its height support this conclusion. We have determined in our previous work that when the deposition of oxides is carried out at oxygen partial pressures greater than 20 mTorr the deposited films are oxygen rich. This excess oxygen is thermodynamically unstable, and is lost upon annealing. The RBS spectra in Figure 10 also show that after the 900 °C treatment no noticeable oxidation of the silicon could be detected. Silicon oxidation, as evidenced by the appearance of the shoulder in the Si signal, was only evident after treatment at 1000 °C. The RBS spectra indicate that after the high temperature treatment, formation of Si0 2 takes place below the yttria-zirconia films by oxygen diffusion towards the Si.
CONCLUSIONS
We have developed a plasma-based thin film synthesis technique (Metal plasma immersion ion implantation and deposition, Mepiiid) and applied it to form a number of different kinds of high temperature ceramic protective coatings. Films of alumina, chromia, mullite, yttria and zirconia were deposited on substrates of iron aluminide and silicon carbide. Both monolithic films (a single ceramic component) and multilayer films (individual layers of different ceramic materials) were formed. The film deposition is a room-temperature process that results in amorphous or nanocrystalline film structure, with adhesion strength to the metal (iron aluminide) or ceramic (silicon carbide) substrate that is mostly quite strong, at -70 MPa or greater, our instrumental limit of measurement.
Mullite films were synthesized on silicon carbide by combining plasma streams of AI and Si ions produced by vacuum arc plasma guns in a background atmosphere of oxygen. The films are of the stoichiometric 3A1 2 0 3 .2Si0 2 composition and fully dense, non-columnar, and smooth. Application of high negative bias voltage to the substrate, i.e. high ion energy, is essential for good adhesion between the film and substrate. The films were tested in a number of different ways having to do with their response to high temperature thermal cycling. The adhesion of the as-deposited mullite is high, increases upon annealing of the film, and remains high over subsequent thermal cycling between ambient and 1100 °C. We found that the films retain their adhesion and quality without any apparent degradation with time, even after a large number of cycles. Mter repetitive high temperature thermal cycling, the film-substrate adhesion was greater than -70 Mpa, the instrumental limit of measurement, and the interface toughness was approximately 0.8 MPa m 112 •
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Yttria-zirconia films with both monolithic or multilayer structures were formed on smooth silicon substrates. The films were initially amorphous following deposition at room temperature, recrystallizing into Y 2 0 3 , Zr0 2 and Zr 3 Y 4 0 12 , depending on the starting microstructure, following high temperature annealing. These films do not prevent oxygen transport at temperatures of 1000 °C.
Although the films here were limited in thickness to about 1 micron or so because of dutycycle constraints of the electronics, it is important to recognize that this is not a fundamental limitation of the method. Physical and engineering limitations to scale-up of the Mepiiid process are very high, and one can confidently project that the plasma methods used could be readily developed into a large scale. technology for the synthesis of thick films. A cost analysis of the process technology has not been performed, but we note that the related (and simpler and many ways less effective) approach of cathodic-arc PVD is an established industrial technology on a sound competitive footing. Deposition rates are precisely comparable to cathodic-arc PVD, as is also the extent to which the Mepiiid approach is line-of-sight. Simplified schematic of the dual-plasma configuration used to form two-component films. Edge-on scanning electron microscope photograph of a thin film of mullite formed by the dual-source Mepiid process on a silicon carbide substrate. Aluminum and silicon plasmas were combined in the appropriate proportions in a low pressure background of oxygen to form the 3Al 2 0 3 .2Si0 2 mullite composition 
